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Abstract
Attention Deficit Hyperactivity Disorder (ADHD) is characterized by poor cognitive control/
attention and hypofunctioning of the dorsal anterior cingulate cortex (dACC). In the current
study, we investigated for the first time whether real-time fMRI neurofeedback (rt-fMRI) train-
ing targeted at increasing activation levels within dACC in adults with ADHD leads to a
reduction of clinical symptoms and improved cognitive functioning. An exploratory random-
ized controlled treatment study with blinding of the participants was conducted. Participants
with ADHD (n = 7 in the neurofeedback group, and n = 6 in the control group) attended four
weekly MRI training sessions (60-min training time/session), during which they performed a
mental calculation task at varying levels of difficulty, in order to learn how to up-regulate
dACC activation. Only neurofeedback participants received continuous feedback informa-
tion on actual brain activation levels within dACC. Before and after the training, ADHD symp-
toms and relevant cognitive functioning was assessed. Results showed that both groups
achieved a significant increase in dACC activation levels over sessions. While there was no
significant difference between the neurofeedback and control group in clinical outcome, neu-
rofeedback participants showed stronger improvement on cognitive functioning. The current
study demonstrates the general feasibility of the suggested rt-fMRI neurofeedback training
approach as a potential novel treatment option for ADHD patients. Due to the study’s small
sample size, potential clinical benefits need to be further investigated in future studies.
Trial Registration: ISRCTN12390961
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Introduction
Attention Deficit Hyperactivity Disorder (ADHD) is a childhood-onset neuropsychiatric dis-
order characterized by a pervasive pattern of inattention, and/or hyperactivity and impulsivity
[1,2]. The disorder persists into adulthood in one third of the cases or more, with prevalence
in adults being 2–4% [3–5]. The first-line treatment is prescription of medication, mostly psy-
chostimulants. However, response rates in adults are only 20–50% [6], evidence for long-term
efficacy of medication is inconsistent [7] and there are concerns about potential side-effects of
long-term use of medication [8]. Consequently, novel non-pharmacological treatments are
currently being developed, among which electroencephalography (EEG) neurofeedback. Neu-
rofeedback training aims at the remediation of aberrant neuronal functioning, by allowing
participants to gain self-control over certain brain-signal aspects, such as theta/beta frequency
ratio in EEG neurofeedback training.
A systematic and comprehensive meta-analysis of non-pharmacological treatments for
ADHD documented significant treatment effects for EEG neurofeedback, but effects were sub-
stantially attenuated when the assessment of outcome was based on blinded raters [9]. A recent
double-blind randomized placebo-controlled EEG-neurofeedback study in children and ado-
lescents with ADHD was unable to establish positive treatment effects on clinical symptoms
and neurocognitive performance after frequency neurofeedback was compared to placebo-
neurofeedback [10,11]. Consequently, this has spurred interest into the development of alter-
native neurofeedback methods, as for example neurofeedback based on real-time functional
magnetic resonance imaging (rt-fMRI), which may be advantageous due to its higher spatial
resolution and full brain coverage when compared to EEG. Current state of the art real-time
processing techniques allow using fMRI signal for guided self-regulation of brain activation
aimed at normalization of deviant brain activation patterns [12]. Importantly, participants are
able to control specific aspects of their brain activation patterns, leading to specific changes in
behavior [12,13]. For example, up-regulation of activation levels in the motor network has
been shown to lead to shorter reaction times in a motor task [14], while up-regulation of the
speech network improved accuracy in a language task ([15], for review see [16]). Further,
exploratory investigations have indicated a benefit of rt-fMRI guided up- or down-regulation
in clinical populations with chronic pain, tinnitus, Parkinson’s disease, stroke, mood and anxi-
ety disorders [17–23]. However, the efficacy of rt-fMRI neurofeedback training in ADHD has
not been investigated so far.
The current study was designed to target impaired cognitive control and attention in adults
with ADHD by neurofeedback guided self-regulation of dorsal anterior cingulate cortex
(dACC). Impaired cognitive control and attention are the most consistently found abnormali-
ties in this clinical population, and are associated with deviant functioning of frontal, cingulate
and parietal cortical brain regions [24]. The dACC is the brain region that has been most often
linked to core ADHD symptoms [24]. Neuroimaging research using fMRI demonstrates hypo-
activation of dACC in patients with ADHD, compared to non-ADHD individuals, specifically
during tasks that require effortful control, e.g., interference tasks, continuous performance
tests, switch tasks, and response inhibition tasks [24–29]. Moreover, hypo-activation of the
dACC was found to normalize after successful treatment with ADHD medication [26], sug-
gesting that normalization of dACC activity is a crucial component of a successful treatment.
The aim of the current study was to train individuals with ADHD to voluntarily up-regulate
activation levels in the dACC through rt-fMRI neurofeedback training. We conducted an
exploratory randomized controlled treatment study with blinding of the participants to inves-
tigate first, if self-regulation of dACC activation level could be achieved, and second, if rt-fMRI
neurofeedback training would reduce ADHD symptoms and improve cognitive functioning.
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Participants attended four weekly rt-fMRI neurofeedback training sessions (60-min training
time/session). We assessed ADHD symptoms and cognitive functioning at baseline, a week
prior to the training, and a week after training. Participants in the control group underwent
the same procedure, but were not provided with neurofeedback information.
Methods
Participants
Participants were recruited among referrals to the Department of Psychiatry of the Radboud
University Medical Center (Nijmegen, The Netherlands). Participants were included if: they
were diagnosed with ADHD according to the DSM-IV TR criteria (American Psychiatric
Association, 2000); were older than 18 years; psychotropic drug-naive or -free, or being on a
fixed dose of ADHD medication (psychostimulant, atomoxetine or bupropion) for the study
period; passed fMRI screening criteria; and had an IQ> 90 according to Block Design and
Vocabulary test of the Wechsler Adult Intelligence Scale (WAIS-IV-NL, [30,31]). The adminis-
tered short version (Vocabulary, Block design) was selected due to its high validity coefficient
(0.85) relative to the full intelligence test [32]. Participants were excluded if: they participated
in another clinical trial simultaneously; participated previously in neurofeedback training; had
another significant medical condition or regular use of medication other than ADHD medica-
tion; current diagnosis of one or more Axis-I diagnosis other than ADHD according to the
DSM-IV TR criteria (American Psychiatric Association, 2000) (e.g., depression, psychosis,
tics, autism, eating disorder); current alcohol or drug abuse according to the DSM-IV TR crite-
ria (American Psychiatric Association, 2000). The recruitment for our study started on May
1st, 2013 and the last follow-up was concluded on June 30th, 2014.
The presence of ADHD symptoms in childhood and (current) adulthood was assessed
using a Semi-Structured Interview for ADHD [33] (see http://www.divacenter.eu/). This inter-
view has been used in previous studies of adult ADHD and shown to be both reliable and valid
[4,33–35]. Confirmation of the developmental history and childhood occurrence of ADHD
symptoms was obtained from the parents or, when unavailable, an older sibling of the patient.
In addition, the Dutch version of the ADHD-DSM-IV Rating Scale [36] was completed by
patient, spouse, parent, and investigator to gather information on the exact DSM-IV criteria
for ADHD in childhood and adulthood. The following was required for assignment of a full
diagnosis of adult ADHD: (1) at least six of the nine DSM-IV criteria for inattention and/or
hyperactivity/impulsivity had to be met for diagnosis of childhood ADHD and at least five of
the nine criteria for diagnosis of adult ADHD; (2) a chronic course of persistent ADHD symp-
toms from childhood to adulthood had to be reported; and (3) a moderate to severe level of
impairment that can be attributed to the symptoms of ADHD had to be experienced. The cut-
off point of five out of the nine criteria for diagnosis of adult ADHD is based upon the litera-
ture and epidemiological data using the same DSM-IV ADHD Rating Scale [4,37] and consis-
tent with the DSM-5 algorithm for ADHD.
Eighteen participants volunteered and were screened for inclusion and exclusion criteria.
Five participants had to be excluded because they did not fulfill the IQ criterion (Fig 1, S1
File). Thirteen participants were enrolled in the study (Table 1). Participants were randomly
assigned to a group using a minimization procedure (sequential balancing) with the factors IQ
score, ADHD medication, and the DSM-IV rating scale scores for ADHD symptoms [4]. This
restricted randomization procedure has been shown to be efficient in balancing several factors
in studies with a small sample size [38,39]. The allocation was performed by implementing a
computerized minimization algorithm as described in Borm and colleagues (2005) [39]. Sam-
ple size calculations were performed based on the expected training effect using a repeated
fMRI Neurofeedback Training for ADHD Adults
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Fig 1. CONSORT Flow Diagram. Eighteen participants volunteered and were screened, thirteen participants
were included in the study and randomly assigned to a group.
doi:10.1371/journal.pone.0170795.g001
Table 1. Characteristics of study participants.
Variables (Mean +/- SD)
(score pre-testing)
Controls
(n = 6)
Neurofeedback
(n = 7)
Between-Group Test
Gender (male/female) 3 male/ 3 female 3 male/ 4 female p = 0.78
Age 39.8 (15.0) 34.0 (11.0) p = 0.44
IQ (WAIS VC/BD) 112 (14) 110 (9) p = 0.73
ADHD medication (yes/no) 3 yes/ 3 no 3 yes/ 4 no p = 0.73
ADHD attention (DSM-IV score) 6.3 (1.6) 7.0 (1.2) p = 0.41
ADHD impulsivity/hyperactivity (DSM-IV score) 6.2 (2.7) 6.4 (2.2) p = 0.85
Interference (MSIT, interference delay in ms) 360 (28) 365 (60) p = 0.86
Vigilance (SA-DOTS, z-score) 1.0 (2.2) 0.8 (1.4) p = 0.84
Response inhibition (SA-DOTS, z-score) 1.4 (1.4) 2.8 (3.5) p = 0.36
Response inhibition (SART, % error trials) 36% (24%) 31% (24%) p = 0.71
Visual WM accuracy (2-back, % accuracy) 64% (17%) 67% (19%) p = 0.74
Verbal WM (WAIS DS, IQ score) 104 (17) 96 (9) p = 0.31
Verbal WM (WAIS LNS, IQ score) 109 (11) 99 (7) p = 0.07
During the study period, all participants were either on a stable dose or free of medication for ADHD symptoms (control group: one participant: 100 mg/daily of
atomoxetine hydrochloride (Strattera), one participant: 72 mg methylfenidaathydrochloride (Concerta), one participant: 18 mg methylfenidaathydrochloride
(Concerta); neurofeedback group: one participant: 30 mg/daily dexamfetamine, one participant: 15 mg/daily dexamfetamine, one participant: 72 mg/daily
methylfenidaathydrochloride (Concerta)). WAIS = Wechsler Adult Intelligence Scale, ADHD = Attention Deficit Hyperactivity Disorder, VC = Vocabulary,
BD = Block Design, MSIT = Multi Source Interference task, SA-DOTS = Sustained Attention DOTS task, SART = Sustained Attention to Response Task,
WM = Working memory, DS = Digit Span, LNS = Letter Number Sequencing.
doi:10.1371/journal.pone.0170795.t001
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measures design. All participants received a small financial compensation (8 €/hour), and gave
their written informed consent prior to the presented study, which was conducted in conformity
with the Declaration of Helsinki and approved by the localMedical Ethics Committee ‘Commis-
sie Mensgebonden Onderzoek Regio Arnhem-Nijmegen’ on September 27th, 2012 (S2 File).
The study was registered at the ISRCTN registry (http://www.isrctn.com/ISRCTN12390961).
This registrationwas completed after enrolment of participants started, with this delay being due
to oversight. The authors confirm that all ongoing and related trials are registered.
General procedure
After enrollment, participants attended six weekly sessions. A week prior to the training, base-
line ADHD symptoms and cognitive functioning were assessed (pre-test). Then the four
weekly training sessions commenced, and a week after the last training session, the behavioral
post-assessment was done (post-test) (Fig 2). All thirteen included participants were able to
complete all pre- and post-assessments. One participant in the neurofeedback group and one
participant in the control group only participated in three instead of four weekly training ses-
sions, due to technical problems with the MRI scanner. During the 90-min pre-test, partici-
pants first completed the ADHD DSM-IV rating scale [4], then several neuropsychological
tasks to assess cognitive functioning (see description below), and the (short version of the)
intelligence test [31]. During the 90-min post-test, participants completed the same tasks in the
same order, except for the intelligence test. During the first MRI session, all participants,
including the control group, were informed that the goal of the study was to investigate if up-
regulation of dACC activation levels through performing a mental task would have a positive
impact on ADHD symptoms and cognitive functioning. Immediately before the training in
Fig 2. Study design. After enrollment, participants attended six weekly sessions. A week prior to the training,
baseline ADHD symptoms and cognitive functioning were assessed (pre-test). Then the four weekly training
sessions commenced (60-min training time/session). A week after, the last training session, the behavioral
post-assessment, was done (post-test). ADHD = Attention Deficit Hyperactivity Disorder, fMRI = functional
magnetic resonance imaging, NP-test = Neuropsychological tests, MSIT = Multi Source Interference task,
SA-DOTS = Sustained Attention DOTS task, SART = Sustained Attention to Response Task, 2-back
WM = 2-back Working memory task, WAIS = Wechsler Adult Intelligence Scale, DS = Digit Span, LNS =
Letter Number Sequencing, VC = Vocabulary, BD = Block Design, QCM = Questionnaire of Current
Motivation, MCT = Mental Calculation Task.
doi:10.1371/journal.pone.0170795.g002
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the MRI scanner and after the instruction, participants were asked to complete a Question-
naire of Current Motivation to assess their motivational state (QCM, [40]). The QCM mea-
sures individual differences in current motivation and expectation of success using four
different scales: perceived challenge, level of interest, mastery confidence and incompetence fear.
The following rt-fMRI neurofeedback training session consisted of a 7-min anatomical scan,
two 9-min localization runs, used to functionally define the target regions, three 8-min training
runs performed by both groups, providing feedback for neurofeedback participants only, and
an 8-min transfer run, during which both groups did not receive feedback.
Localization of dACC target regions
During the first localization run for detecting individual dACC activation, participants per-
formed the multi-source interference task (MSIT, [41]), which was specifically designed to func-
tionally localize the dACC as the critical node in prefrontal cognitive control/attention circuits
impaired in ADHD [41,42]. This task combines three different tasks to maximally increase
cognitive interference: the Eriksen Flanker task, the Counting Stroop, and the Simon effect
task [42]. Trials were presented blocked as in the original article, using the same trial parame-
ters [41], but inserting an intermittent rest period of 18–24 s between blocks (total duration: 9
min). The dACC target region was defined functionally during online fMRI analysis for each
participant/training session by contrasting activation during interference blocks (interference)
with intermittent rest periods of rt-fMRI data.
In a second dACC localization run, participants were instructed to perform a mental calcu-
lation task (MCT), similar to the mental task they performed during later training runs. This
task has been shown to activate dACC across different task variants [43,44]. During mental cal-
culation blocks, participants were asked to start with the number 100 and keep subtracting a
single digit number, which was selected individually such that the task was of medium diffi-
culty. During the control condition, participants were asked to mentally rehearse a self-
selected song (mental singing task), which was easy and well-known to them. This localization
run included five 26-s blocks of each condition with intermittent 26-s resting periods (total
duration: 9 min). The second dACC localization task was employed to ensure the definition of
the target regions on an individual level in all sessions, to verify functional overlap between the
MSIT and mental calculation task post-hoc, and as warm-up task prior to the neurofeedback
training.
Training procedure
Prior to scanning, all participants were told that the rationale of the mental training was to
train their attention. They were instructed how to vary the difficulty of the mental calculation
task by systematically changing three different task aspects: 1) tempo, 2) magnitude of the
numbers, and 3) variations in the operation rule and asked to practice the task out aloud
under supervision of the experimenter. All instructions for all tasks used in this study were
standardized, supported by computerized visual instructions, given by the same experimenter
and repeated during each scanning session. The specific instructions for the training were
developed based on fMRI studies on activation levels during different arithmetic operations
[43,44], and participants were reminded of these instructions in the scanner at the beginning
of each training run. Participants of both groups were told that the specific task would be cued
by a red box in a visual thermometer display, indicating either: rest (no cue), medium task diffi-
culty (cue at medium height) or high task difficulty (cue at top, S1 Fig). Both groups were asked
to adapt the task throughout the experiment as necessary, in order to maintain an individual
medium and high difficulty level. Participants in the control group were asked to adapt the
fMRI Neurofeedback Training for ADHD Adults
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task difficulty levels based on insight, the visual display only served as a cue in this group, as
they were not aware of participating in a neurofeedback study. In the neurofeedback group,
the thermometer display showed the actual activation level of the dACC target region (S1 Fig).
Participants in the neurofeedback group were instructed to adapt the mental calculation per-
formance/difficulty level of the task in order to reach the indicated brain activation level
(medium and high) based on the provided neurofeedback information. Finally, neurofeedback
group participants were demonstrated the common noise level of the fMRI signal and the
delay of the blood-oxygen-level dependent (BOLD) response through a 10-min simulation
program. Both groups were instructed to minimize motion in the scanner and informed that
we would be watching their brain activation levels during the training through rt-fMRI data
analysis.
Each training run consisted of eight 30-s task blocks (four medium/four high level) in
pseudo-randomized order, with intermittent 20-s rest periods (total duration: 8 min). All par-
ticipants performed three training runs per session, followed by an 8-min transfer run during
which no feedback was provided in either group, in order to test knowledge transfer.
MRI imaging parameters
The MRI images were acquired at the Donders Centre for Cognitive Neuroimaging, Radboud
University Nijmegen, on a 3T scanner (Tim Trio, Siemens Healthcare, Germany), equipped
with a 32-channel head coil. Functional images were acquired with a repeated single-shot
echo-planar imaging (EPI) sequence with TE = 30ms, TR = 2000ms, FA = 80˚, FOV =
192x192mm2, matrix = 64x64, voxel size 3x3x3 mm3, bandwidth = 1628Hz/Px, 35 slices per
volume with whole-brain coverage. Anatomical images were collected with a 3D MPRAGE
sequence: TR = 2300 ms, TE = 3.92 ms, FOV = 256x256mm2, voxel size 1x1x1 mm3, 192 slices.
Real-time MRI data analysis
Pre-processing. Anatomical images were processed using BrainVoyager QX (Version 2.7,
Brain Innovation, Maastricht, The Netherlands), and loaded into Turbo-BrainVoyager (Ver-
sion 3.2, Brain Innovation, Maastricht, The Netherlands) for rt-MRI data analysis. After dis-
carding the first four volumes of each functional run, functional and anatomical data were
automatically aligned. Functional data was pre-processed in real-time using intra-session 3D
rigid-body motion correction and linear drift confound predictors. An online voxel-wise gen-
eral linear model (GLM) was computed, convolving the task predictors with a standard two-
gamma hemodynamic response function. The data from the localization runs was additionally
high-pass filtered with a GLM Fourier basis set (3 cycles/run), and thresholded at t = 3 prior to
the definition of the dACC target regions, with an additional cluster threshold of four signifi-
cant voxels.
Localization of dACC target regions. The individual dACC target regions were defined
based on the first localization task (MSIT), contrasting the interference with the rest condition,
as pilot measurements had shown that this contrast was more robust than contrasting interfer-
ence versus no interference, while localizing the same network. If no significant cluster within
dACC could be ascertained using the first localization task’s data (ca. 10% sessions), the dACC
target regions were defined based on the data of the second localization task (MCT), contrast-
ing mental calculation with rest. Generally, the most anterior dACC cluster was selected, as the
anterior dACC showed the strongest under-activation in ADHD patients [26].
Generation of neurofeedback information. For the neurofeedback, the percent signal
change (PSC) in the dACC target region was computed relative to a 14-s baseline from the pre-
vious rest period, being updated after each acquired imaging volume (every two seconds). The
fMRI Neurofeedback Training for ADHD Adults
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maximum PSC of the thermometer display was adjusted individually per session to be 150% of
the mean activation level in the dACC target region during the mental calculation condition (if
<0.3% PSC, the activation level during the interference condition of the MSIT was used as a
reference). The maximal PSC displayed in the neurofeedback group increased slightly over ses-
sions (session 1: 0.81%, session 2: 0.86%, session 3: 0.90%, session 4: 0.95%).
Post-hoc analysis of fMRI data
Preprocessing. For post-hoc fMRI data analysis, the same preprocessing parameters as
during real-time data analysis were applied. Additionally, data was spatially normalized to
Talairach space [45] and functional runs during which participants moved more than 5 mm/
degree in any direction/rotation were excluded (one neurofeedback participant: fourth session
training runs 2 and 3, transfer run; one control participant: second session training runs 1 and
2, third session training run 3, fourth session training run 2). FMRI data quality was evaluated
by computing mean displacement (average motion from volume to volume) and temporal sig-
nal-to-noise ratio (tSNR), averaged across voxels within individual dACC target regions after
removal of task activation by regression [46].
Evaluation of dACC localization procedure. To verify the online selection of the dACC
target regions, we conducted a whole-brain random-effects GLM analysis, thresholding maps
using an initial voxel-threshold of α = 0.05 [47] and correcting for multiple comparisons using
cluster-size thresholding with a cluster-level false positive rate of α = 0.05 [47,48]. The con-
trasts of interest were interference vs. no interference and mental calculation vs. mental singing.
To further evaluate task performance across groups, a region-of-interest analysis of the BOLD
response in the dACC target regions was performed. The estimated beta weights of the average
BOLD response were extracted, and analyzed in SPSS Statistics (IBM SPSS Statistics 21; IBM
Corporation, Armonk, NY, USA). They were submitted to statistical analysis using repeated
measures GLM with linear contrasts, modeling the factors task (interference, no interference;
mental calculation, mental singing) and time (session). Effect sizes were estimated using partial
eta squared (ηp), which describes the proportion of the total variability in the dependent vari-
able attributable to an effect [49].
Evaluation of training performance. To evaluate self-regulation performance during
training and transfer runs, the estimated beta weights of the dACC target regions for these runs
were extracted and submitted to a repeated measures GLM with linear contrasts, modeling the
factors task (50% difficulty, 100% difficulty), time (run, session) and group (neurofeedback, no
feedback). To further evaluate the nature of learning effects, additional planned comparisons
were conducted to evaluate at which point of the training activation levels increased (compari-
sons: session one vs. two, session two vs. three and session three vs. four). Bonferroni correc-
tion was applied to correct for multiple comparisons. Finally, questionnaire data (QCM) was
analyzed using the factors time (session) and group (neurofeedback, no feedback).
Exploration of performance-predicting factors. To explore which factors may predict
successful performance in neurofeedback training, an exploratory analysis was conducted
investigating if baseline cognitive functioning would predict performance during self-regula-
tion. Three performance indices were calculated based on the extracted beta weights from the
dACC target regions. First, an index of general task performance (mean activation level across
all sessions and activation-level conditions), second, an index of improvement over sessions
(increase in activation level over sessions) and third, an index of improvement in differential
modulation (increase in differential activation between 50% vs. 100% difficulty over consecutive
sessions, S2 Fig). Correlations between performance indices and cognitive performance during
pre-test neuropsychological were computed.
fMRI Neurofeedback Training for ADHD Adults
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Pre-post behavioral assessment
Individuals with ADHD are found to exhibit significant impairments with medium effect
sizes on a range of executive functioning tasks. The strongest and most consistent perfor-
mance deviations are found for sustained attention tasks requiring response inhibition or
vigilance, as well as working memory tasks, particularly when spatial working memory is
required [50,51]. We employed several tasks shown to be sensitive measures of neuropsycho-
logical functioning in ADHD patients. All computerized tasks used were programmed and
presented using Presentation software package (Version 16, Neurobehavioral Systems Inc.,
Albany, CA, USA).
The first continuous performance tasks employed was the Sustained Attention Dots task
(SA-DOTS, [52]). The SA-DOTS is a computerized visual sustained attention task, during
which 50 series of twelve dot patterns are presented randomly, a total of 600 dot patterns (15
min). Participants are required to press “yes” when a four-dot patterns are presented (target,
1/3 of trials), and “no” for three/five-dot patterns (non-targets, 2/3 of trials). Missed targets are
considered an index of failed response inhibition, while false alarms are assumed to reflect vigi-
lance [53,54]. The SA-DOTS has an excellent test-retest reliability (0.90–0.94), and provides
performance z-scores in reference to a normed age sample [55]. It has also been shown to dis-
criminate ADHD patients from healthy controls [53,54].
The second continuous performance task administered was the computerized Sustained
Attention to Response Task (SART, [56]). During 216 trials, one single digit numbers (1–9)
is presented each trial (6 min). Participants are instructed to press a button after each digit,
withholding their response only when a ‘3’ is presented (non-target, 11% of trials). Due to the
high number of targets (89% of trials), a strong response bias towards pressing the button is
induced, making this task sensitive for detecting impairments of response disinhibition,
which are indexed by the number of false alarms. The task has been shown to be sensitive to
discriminating ADHD patients from healthy controls [57,58].
To assess visual working memory, a computerized 2-back visuospatial task was employed
(2-back WM, [59]). During each trial, a white square light up at one of nine possible locations
on the computer screen. Participants are asked to press a button when the square appears at
the same location as two trials ago (25% of trials). In total 10 sequences of 15 trials are pre-
sented (9 min). The main outcome measure for indexing working memory performance is the
proportion of correct trials, which is calculated by subtracting the proportion of misses and
false alarms from the total number of trials. This task has shown to be sensitive to working
memory impairments in ADHD patients [59].
For assessment of verbal working memory, two subtests from the standardized WAI-
S-IV-NL, the Digit Span and Letter-Number Sequencing task, were used. Both were adminis-
tered verbally, following standard procedures [31]. For both subtests age-referenced norm
scores were calculated. The Digit Span has shown to be discriminative in detecting working
memory impairments in ADHD [50], has a very good internal consistency (>0.85), and an
adequate test-retest reliability (>0.75) [60].
To monitor changes due to repeated training of the first dACC localization task, the MSIT,
this task was also performed during pre- and post-testing. We analyzed interference delay, the
slow-down in reaction time during interference trials relative to no interference trials, as a mea-
sure of capacity to deal with cognitive interference [42].
The MSIT interference delay, pre- and post-scores on the ADHD attention and impulsivity
scale and all behavioral pre- and post-test scores were analyzed in SPSS Statistics, using change
(pre-test, post-test) and group (neurofeedback, no feedback) as a factor.
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Results
Participants
At baseline, participants reported on average of seven out of nine ADHD attention symptoms
and six out of nine ADHD hyperactivity/impulsivity symptoms, and slightly above average IQ
(Table 1). Three participants in the control group and three participants in the neurofeedback
group were on a stable doses of medication (Table 1). During pre-test, participants performed
below standards of healthy control groups. They responded 17% slower on the cognitive inter-
ference task (MSIT [42]), performed 0.9 SD below the norm on vigilance and 2.1 SD below the
norm on response inhibition (SA-DOTS [52]), demonstrated a marked increase of false alarms
(34% vs. 12% in healthy) during the second response inhibition task (SART [58]), and marked
decrease in accuracy (66% vs. 78% in healthy) in the visual working memory task (WM 2-
back, [59]) (Table 1).
Localization of dACC target regions
The post-hoc analysis of the two localization tasks showed that both localizer tasks, the MSIT
and the MCT, activated the dACC (Fig 3A and 3B). Both localizers had a similar activation
focus, activating overlapping voxels within the dACC (Fig 3A and 3B). The individual dACC
target regions defined online coincided well with the region activated during the localization
tasks (Fig 3A–3C). The coordinates of the dACC target regions were similar across groups
and sessions (S1 Table), and the coordinates were similar as shown by previous studies with
ADHD patients [26].
The region-of-interest analysis evaluating performance during localization runs revealed
that across groups participants showed significantly higher activation in the dACC target
regions during the interference vs. no interference condition (F(1,11) = 19.6, p < 0.001,
ηp
2 = 0.64, Fig 4) and the mental calculation vs. mental singing condition (F(1,11) = 9.2,
p < 0.01, ηp
2 = 0.45, Fig 4). Further, there were no significant changes in activation levels
across sessions (linear change over sessions: MSIT: F(1,11) = 0.24, p = 0.63; MCT: F(1,11) =
Fig 3. Localization of dACC target regions. Activation during the localization tasks is depicted for the interference task (MSIT,
panel A, peak activation x = 8, y = 10, z = 45, Talairach space) and the mental calculation task (MCT, panel B, peak activation x =
-8, y = 10, z = 48, Talairach space). To verify if the targeted dACC region was localized/defined within the online procedure, a
whole-brain random effects GLM analysis (p<0.05, corrected at cluster level) was performed for the contrast interference vs. no
interference (MSIT, panel A), and the contrast mental calculation vs. mental singing (MCT, panel B). Panel C depicts the location of
the online defined individual dACC target regions around their average location (x = 2, y = 15, z = 39, Talairach space,
neurofeedback group = blue tints, control group = green tints). The slightly more anterior location of the dACC target regions
respective to the peak of activation may have resulted from a preference for the most anterior clusters during the localization
procedure, which have been shown to be hypo-activated in ADHD patients [26].
doi:10.1371/journal.pone.0170795.g003
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Fig 4. Activation levels within dACC target regions during localization tasks. Participants across groups
showed significantly increased activation levels in the dACC target region during the interference condition of
the MSIT (panel A, marked with an asterisk), and the mental calculation condition of the MCT (panel B). There
were no changes in performance over time, confirming that both groups consistently performed the task as
instructed.
doi:10.1371/journal.pone.0170795.g004
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1.6, p = 0.23, Fig 4) and no significant group differences during performance of either task
used during the localization procedure (MSIT: F(1,11) = 0.02, p = 0.90; MCT: F(1,11) =
0.005, p = 0.94). In summary, both groups consistently performed the two localization tasks
as instructed without any indication of a change in performance over time.
Training data
The analysis of self-regulation performance during the training runs revealed learning effects
in both groups. While there was no significant group difference (F(1,11) = 0.8, p = 0.38), both
groups showed a marked and significant increase in activation level between the second and
the third session, with activation levels remaining high until the end of the training (F(1,11) =
8.4, p< 0.05, ηp
2 = 0.43, Fig 5A, S3 File), demonstrating that both groups were able to sustain
this increase in activation levels until the end of training. In the neurofeedback group, the
observed increase of activation levels from the first to the last session was slightly stronger than
in the control group. Further, participants of both groups were not able to differentially up-
regulate dACC activation to different target levels (medium and high activation level) during
the 50% and 100% difficulty condition (F(1,11) = 0.1, p = 0.81). A similar pattern was observed
for the transfer runs, during which neither group received feedback. There was no significant
group difference between neurofeedback and control participants (F(1,11) = 0.3, p = 0.61), but
a trend indicated that both groups learned to increase their dACC activation levels from the
third training session onwards (F(1,11) = 7.4, p-corrected = 0.06, ηp
2 = 0.40, Fig 5B). Again,
both groups were not able to differentially up-regulate dACC activation to different target lev-
els (medium and high activation level) (F(1,11) = 0.9, p = 0.36). In summary, both the data
from the training runs, as well as from the transfer runs support the conclusion that learning
took place in both groups and that participants were able to maintain upregulation effects
until the end of training. The results demonstrate that all participants achieved the expected
up-regulation of dACC target region activation levels with training and achieved the same
increase during transfer runs, when no feedback was provided.
To evaluate which factors may have predicted dACC self-regulation performance, addi-
tional analyses regarding MRI data quality, effects of motivation and neuropsychological pre-
dictors of performance indices were performed. The exploratory analysis of motion during the
training runs showed that participants in the neurofeedback group moved significantly less
during the training (mean displacement: F(1,10) = 4.8, p = 0.05, ηp
2 = 0.33, S3A Fig), even
though both groups received the same instruction not to move in the scanner. While fMRI
data quality in the neurofeedback group was high (average tSNR = 145), it was significantly
reduced in the control group (average tSNR = 98) (F(1,10) = 5.5, p< 0.05, ηp
2 = 0.36, S3B Fig).
This decrease in fMRI data quality in the control group was linked to individual motion, the
two measures were highly correlated within both groups (neurofeedback group: r = -0.77,
p<0.001; control group: r = -0.61, p<0.001, S3C Fig). Importantly, neither ability to refrain
from motion, nor fMRI data quality changed over time (linear change over sessions: motion
F(1,10) = 0.45, p = 0.52; tSNR F(1,10) = 0.89, p = 0.37). However, individual ability to refrain
from movement did predict better general task performance in the neurofeedback group (r =
-0.79, p<0.05, S2 Table).
In contrast to motion parameters, motivation, as measured by the QCM, did change
over time. At the end of training, participants perceived the training to be less challenging
after (F(1,11) = 12.1, p < 0.01, ηp
2 = 0.52) and showed slightly decreased level of interest
(F(1,11) = 11.5, p < 0.01, ηp
2 = 0.51). Contrary to this, mastery confidence increased with a
greater number of sessions (F(1,11) = 5.0, p< 0.05, ηp
2 = 0.31). Overall, general motivation
scores were high and comparable to levels measured in previous neurofeedback training
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Fig 5. Activation levels within dACC target regions during MRI training and transfer runs. The results
demonstrate that all participants achieved the expected up-regulation of activation levels within the dACC
target regions with training. Both groups showed a marked and significant increase in dACC activation level
from the third session onwards, which was evident during training runs (panel A, marked with an asterisk), and
marginally significant during transfer runs (panel B). Importantly, participants were able to sustain increased
activation levels until the end of training. There were no significant group differences and neither group
demonstrated ability to differently up-regulate the dACC activation levels during the medium and high difficulty
condition.
doi:10.1371/journal.pone.0170795.g005
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studies [22]. Importantly, no group differences in motivation emerged over time, with neu-
rofeedback participants perceiving the training as generally more challenging (F(1,11) =
8.5, p < 0.05, ηp
2 = 0.44, S4 Fig). Further, individual motivation levels during training did
not predict performance during dACC self-regulation (S2 Table).
The exploratory analysis of neuropsychological predictors of the self-regulation perfor-
mance during dACC revealed that neither IQ, nor ADHD attention or impulsivity score
were predictive of performance (S2 Table). However, both better ability to inhibit responses
and higher accuracy on working memory tasks predicted larger improvement over sessions in
the neurofeedback group only (response inhibition false alarms: r = -0.88, p<0.05; WM accu-
racy r = 0.86, p<0.01, S2 Table). Similarly, better individual scores on response inhibition
and working memory predicted larger improvement in differential modulation in the neuro-
feedback group only (response inhibition % missed: r = -0.91, p<0.01; WM accuracy r =
0.80, p<0.05). On individual level, higher capacity for inhibitory control during self-regula-
tion and better working memory thus lead to improved performance in the neurofeedback
group only.
Pre-post behavioral assessment
Behavioral assessment after four weeks of training revealed that the neurofeedback group
improved slightly, but not significantly, on both the ADHD attention and impulsivity score,
while the control group improved slightly, but not significantly, regarding impulsivity
(Table 2, S4 File). Both groups showed a significant improvement during post-test relative to
baseline on the cognitive interference task, which was administered both during pre- and post-
testing as well as during the dACC localization procedure of each MRI session (MSIT interfer-
ence delay: F(1,11) = 31.2, p< 0.001, ηp
2 = 0.75, see Table 2 for pre-post behavioral assess-
ment). Finally, while differences between groups during post-test neuropsychological testing
did not reach statistical significance, participants of the neurofeedback group only showed sig-
nificant improvement on cognitive functioning. During post-test, the neurofeedback group,
but not control participants, performed significantly better on the sustained visual attention
task (SA-DOTS response inhibition: F(1,6) = 5.9, p = 0.05, ηp
2 = 0.50, Table 2), improving
their performance by 1.7 SD relative to the norm. Second, neurofeedback participants only
showed significantly improved accuracy during the visual working memory task at the
Table 2. Pre-post behavioral assessment (within group).
Variables assessed during pre-/post-testing Controls (n = 6)
Pre-testing/post-testing, p-value (partial eta2)
Neurofeedback (n = 7)
Pre-testing/post-testing, p-value (partial eta2)
ADHD attention (DSM-IV score) pre: 6.3 post: 6.7, p = 0.73 (0.03) pre: 7.0 post: 6.0, p = 0.23 (0.23)
ADHD impulsivity/hyperactivity (DSM-IV score) pre: 6.2 post: 5.0, p = 0.16 (0.36) pre: 6.4 post: 5.7, p = 0.31 (0.17)
Interference (MSIT, interference delay ms) pre: 360 post: 274, p = 0.01 (0.82) * Pre: 365 post: 290, p = 0.01 (0.68) *
Vigilance (SA-DOTS, false alarms) pre: 1.0 post: 1.1, p = 0.88 (0.01) pre: 0.8–0.1, p = 0.10 (0.39)
Response inhibition (SA-DOTS, % missed) pre: 1.4 post 1.2, p = 0.85 (0.01) pre: 2.8 post: 1.1, p = 0.05 (0.49) *
Response inhibition (SART, % false alarms) pre: 36% post: 40%, p = 0.67 (0.04) pre: 31% post: 31%, p = 1.00 (0.00)
Visual WM accuracy (2-back, % accuracy) pre: 64% post: 68%, p = 0.46 (0.11) pre: 67% post: 76%, p = 0.03 (0.56) *
Verbal WM (WAIS DS, IQ score) pre: 104 post: 111, p = 0.29 (0.22) pre: 96 post: 101, p = 0.41 (0.12)
Verbal WM (WAIS LNS, IQ score) pre: 109 post: 104, p = 0.39 (0.15) pre: 99 post: 100, p = 0.79 (0.01)
Significant effects (p 0.05) are printed bold and marked with an asterisk. MSIT = Multi Source Interference task, SA-DOTS = Sustained Attention DOTS
task, SART = Sustained Attention to Response Task, WM = Working memory, DS = Digit Span, LNS = Letter Number Sequencing.
doi:10.1371/journal.pone.0170795.t002
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neuropsychological post-test, improving their accuracy to levels seen in healthy control groups
(WM 2-back accuracy: F(1,6) = 7.7, p<0.05, ηp
2 = 0.56, Table 2).
Discussion
The goal of this study was to investigate if training individuals with ADHD to voluntarily up-
regulate activation levels in the dACC through rt-fMRI neurofeedback training would have
beneficial effects on ADHD symptoms and cognitive functioning. In summary, we found that
individuals with ADHD were able to up-regulate dACC activation levels through rt-fMRI neu-
rofeedback training and maintain these changes until the end of training in both the neuro-
feedback and control group. Second, while there was no significant difference between the
neurofeedback and control group in clinical outcome, neurofeedback participants showed
stronger improvement on neuropsychological functioning.
Feasibility of the approach
The neurofeedback and control group were well matched on demographic variables, such as
gender, age, IQ, and clinical variables, such as ADHD symptoms, medication status and base-
line neuropsychological functioning, indicating the usefulness of the selected randomization
procedure (minimization) for small sample sizes. Both groups were also representative of the
patient population, demonstrating high levels of impairment, both regarding ADHD symp-
toms and during neuropsychological testing [4,55,58,59,61]. Both groups were highly moti-
vated and demonstrated consistent performance during the localization procedure. The
consistent performance on the second localization task, which was similar to the training
task, suggests that participants in both groups were generally able to follow the training
instruction. Importantly, mastery confidence regarding training increased over sessions,
again indicating that participants were able to perform the training task as instructed. The
retention rate of the study was 100%, also indicating high general motivation in both groups.
The dACC target regions, from which the neurofeedback was derived, could be localized reli-
ably in all subjects and sessions and were located within the targeted network. The analysis
on MRI data quality demonstrated that in the neurofeedback group sufficiently high signal
quality was achieved for a rt-fMRI experiment [62], as providing continuous neurofeedback
during training seemed to attenuate motion during training in this group. Interestingly, per-
formance during neurofeedback training was neither predicted by general IQ, nor by severity
of ADHD attention symptom, which makes it feasible to implement training even in more
severe cases, as included in this study. Further, exploratory analyses showed that neurofeed-
back training performance was influenced by capacity for working memory and response
inhibition, suggesting that it may be beneficial to perform a cognitive training program prior
to neurofeedback or take these factors into consideration during recruitment. The results
confirm previous investigations showing that working memory capacity is a predictor of suc-
cess in EEG neurofeedback training [63,64]. Overall, the presented results demonstrate the
general feasibility of the approach as implemented in this study for a neurofeedback training
in this patient population.
Training effects
During self-regulation training, both groups demonstrated similar changes in activation
patterns over time. Both groups achieved the expected up-regulation of activation levels in
dACC target regions after the second session and were able to maintain this improved capac-
ity for self-regulation until the end of the training, with the neurofeedback group demon-
strating a slightly larger increase in activation levels from the beginning until the end of
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training. Overall, these results indicate that both groups achieved a similar degree of learning.
The presented results support that up-regulation of dACC target regions might be achieved
through cognitive training alone, as has been suggested in recent research on the influence of
working memory training on brain function [65]. However, it remains to be explored in a
larger study if there are differential effects of the two type of trainings (feedback, no feedback).
Stronger performance of the neurofeedback group during neuropsychological testing sug-
gests that subtle differences may exist between the groups, supporting that learning in the
neurofeedback group may have been more efficient. More generally, the results further con-
firm previous studies reporting that multiple sessions may be necessary when neurofeedback
training is implemented in clinical populations [19,66]. Importantly, from the third session
onwards, participants were able to maintain high activation levels even during transfer runs,
when no feedback was provided. This further suggests that some generalization of the learned
skills took place in the neurofeedback group, enabling them to transfer these skills into a dif-
ferent context. Finally, the presented results show that individuals with ADHD did not
achieve graded control of the brain activation level within the dACC as they were not able to
differentially modulate the signal to two different levels within four training sessions. This
result stands in contrast to previous results in healthy participants, demonstrating that
healthy individuals indeed are able to achieve modulation up to at least three brain activation
levels [67]. In general, this indicates that the implemented neurofeedback training may have
been particularly challenging for individuals with ADHD, and may need further adaptation
to the needs of this clinical population.
That the implemented neurofeedback training may have indeed been challenging for this
clinical group is further supported by the fact that participants in the neurofeedback group
indicated by self-report that they felt significantly more challenged throughout the training,
relative to the control group. This stands in contrast to previous neurofeedback trainings in
clinical groups, which reported that there was no difference in perceived challenge between
the neurofeedback and the non-neurofeedback control group in individuals with anxiety dis-
order [22]. However, one difference between the current and this previous study is that the
current study provided continuous neurofeedback during task performance, while the previ-
ous study provided intermittent neurofeedback in-between task blocks [22]. Research system-
atically comparing these two sorts of neurofeedback in healthy participants (in the motor
system), suggests that continuous neurofeedback may be indeed more challenging than inter-
mittent neurofeedback [68]. The reason for this may be that continuous neurofeedback
requires participants to monitor the neurofeedback signal while performing a task, which
poses a dual-task challenge. Indeed, the mentioned systematic study into different sorts of neu-
rofeedback demonstrated that in some participants activation levels in the neurofeedback
region were significantly reduced during continuous neurofeedback, while participants were
actually trying to up-regulate the signal [68]. This suggests that participants may actually have
to exert more mental effort when up-regulating activation levels guided by continuous neuro-
feedback as the control group. Moreover, this may be particularly relevant when the aim is to
up-regulate activation within the dACC, a region which is known for its involvement in task
monitoring [69], and therefore likely to be affected by dual-task demands. In conclusion, par-
ticipants in the neurofeedback group may thus indeed have had a more challenging task than
control participants, when being asked to up-regulate dACC activation levels during continu-
ous neurofeedback. Importantly, however, this did not seem to have an adverse but more likely
a beneficial effect on outcome in the neurofeedback group, as neuropsychological functioning
was significantly improved in this group only.
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Limitations
The fact that we did not include an additional sham neurofeedback control group, which
receives non-valid continuous neurofeedback, may be seen as a limitation of this study. How-
ever, the same line of research investigating different sorts of neurofeedback, also demon-
strated that sham neurofeedback may be perceived as frustrating and can thus induce a
negative performance bias in the control group, limiting the performance of the control group
[62,68]. A non-neurofeedback control group with blinding of participants therefore seemed
the strictest design choice available. To ensure comparability between the neurofeedback and
control group, several measures were taken. First, both groups were instructed in the exact
same way, receiving the same information regarding the goal of the study. To both groups, we
pointed out that recent neuroscience reports suggested that up-regulation of activation within
their individual dACC region by mental effort may be beneficial, and we also stressed that we
would monitor their progress by looking at their brain activation levels. That this resulted in
high motivation in both groups is supported by the reported levels of interest and mastery con-
fidence, which were high and comparable to previous studies [22]. Second, both groups
received an active instruction on how to up-regulate activation levels in dACC region. Also,
they were explicitly instructed to keep adapting the task throughout the training, in order to
keep themselves challenged. By providing both groups with a very similar and active instruc-
tion, we may, unintentionally, have compared two different active interventions, instead of
comparing a neurofeedback with a true control training. The instructions given to the control
group may be conceptualized as a working memory training, which has been shown to have
beneficial effects in ADHD individuals [70,71]. Importantly, however, the present results pro-
vide preliminary evidence that the neurofeedback training may have had a stronger beneficial
effect than the provided control training, as neuropsychological functioning was improved in
the neurofeedback group only.
A second limitation of this study is its limited sample size. Due to the small sample size, any
conclusion regarding the potential clinical outcome needs to be drawn carefully. The presented
exploratory results confirm the general feasibility of the chosen approach, but cannot be used
to evaluate the clinical benefits of rt-fMRI neurofeedback training in adult ADHD individuals.
However, the overall positive effects of the neurofeedback training suggest that it is warranted
to further explore rt-fMRI neurofeedback training as a novel treatment option in ADHD.
Future recommendations
The first aim of this study was to establish the feasibility of the suggested approach. The results
suggest that the employed recruitment and randomization strategies, standardized task
instructions and technical procedures were successfully implemented, as demonstrated by the
different indicators for monitoring the study quality. Importantly, the analysis of performance
predictors indicated that the approach is suited for ADHD patients with average IQ, even
when ADHD symptoms are severe. However, this analysis also indicated that ADHD patients
with severe deficits in working memory and inhibitory control profited much less from the
training. For future trainings, it may therefore be beneficial to design step-wise trainings to
reach a larger group of patients. Rt-fMRI neurofeedback training may need to be comple-
mented with other training modules, aimed at ameliorating the cognitive capacities that were
predictive of success, such as working memory and response inhibition. A more elaborate
training on motion control prior to scanning may also be useful. Third, an initial training
module providing neurofeedback from brain regions that are more easily controllable (e.g.,
motor system), may be beneficial to accustom participants to the dual-task demands of moni-
toring continuous neurofeedback during training. Finally, the goal of achieving graded control
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over the signal may only be attainable with more additional training sessions. Overall, the pre-
sented results suggest that the benefits of rt-fMRI neurofeedback training effects may be maxi-
mized by additional instruction and practice modules prior to the neurofeedback training
itself, therefore supporting a multifaceted interventional approach.
Conclusions
In conclusion, the presented results suggest that rt-fMRI neurofeedback training may consti-
tute a potential novel treatment for adults with ADHD. This proof-of-principle study explor-
ing a rt-fMRI neurofeedback training for the first time in adult ADHD demonstrates both
that the methodology is generally feasible and that such a training targeting the dACC can
significantly improve cognitive functioning. Further, the results suggest that self-regulation
success can be predicted by working memory/inhibition capacities, therefore calling for
more elaborate multifaceted interventional approaches. Due to the limited sample size in the
current study, the clinical benefits of the novel approach need to be evaluated in future
studies.
Supporting Information
S1 Fig. Neurofeedback display. Participants in the neurofeedback group were instructed to
performed mental calculations at varying levels of difficulty to achieve up-regulation of their
activation level within dACC target regions. They were cued to either rest (A), reach a medium
(B), or high difficulty level (C) by adapting their mental-calculation task performance. Neuro-
feedback participants were able to monitor their dACC activation levels on the thermometer
(activation level represented by filled grey squares, (D) [shown here only for the high activa-
tion-level condition]), while control participants saw the same thermometer display without
feedback information.
(TIF)
S2 Fig. Indices of individual regulation success. To evaluate individual performance three
different performance indices were computed: an index of general task performance (mean
activation level across sessions (A)), an index of improvement over sessions (increase in activa-
tion level over sessions (B)), and an index of improvement in differential modulation (increase
in increase in differential activation between task conditions (C)).
(TIF)
S3 Fig. Motion and data quality during MRI training. Neurofeedback participants (blue
bars) showed significantly reduced motion (A), marked with an asterisk) and significantly
increased fMRI data quality as measured by tSNR (B), marked with an asterisk) in comparison
to control participants (green bars). In both groups worse motion control was linked to con-
siderably reduced tSNR (each dot represents an individual functional run (C)).
(TIF)
S4 Fig. Questionnaire of Current motivation. Across all participants, perceived challenge
decreased significantly over time (A), with level of interest decreasing significantly as well (B),
and mastery confidence increasing over time (C). Incompetence fear did not change over time
(D). There were no group differences that developed over time. The only difference between
groups was that neurofeedback participants perceived the training generally as posing a higher
challenge when compared to the control group ((A) marked with an asterisk).
(TIF)
fMRI Neurofeedback Training for ADHD Adults
PLOS ONE | DOI:10.1371/journal.pone.0170795 January 26, 2017 18 / 23
S1 File. CONSORT checklist. This list summarizes the information provided regarding how
this exploratory randomized, single-blinded study was designed, analyzed and interpreted.
(PDF)
S2 File. Ethics proposal. The ethics proposal approved by the local Medical Ethics Commit-
tee.
(PDF)
S3 File. Training data. This file contains the activation levels (beta estimates) per individual
and functional run during training, derived from the individually defined dACC target
regions.
(CSV)
S4 File. Behavioral assessment data. This file contains all clinical and neuropsychological
data (per individual) from the behavioral assessment administered pre- and post-training, as
well as the motivational data collected during each training session.
(CSV)
S1 Table. dACC target regions. The x, y and z coordinates in Talairach space of the individual
dACC target regions are shown per subject and session. SD = standard deviation.
(PDF)
S2 Table. Predictors of dACC self-regulation (within group). Significant effects (p 0.05)
are printed bold and marked with an asterisk. WAIS = Wechsler Adult Intelligence Scale,
ADHD = Attention Deficit Hyperactivity Disorder, VC = Vocabulary, BD = Block Design,
MSIT = Multi Source Interference task, SA-DOTS = Sustained Attention DOTS task,
SART = Sustained Attention to Response Task, WM = Working memory, DS = Digit Span,
LNS = Letter Number Sequencing.
(PDF)
Acknowledgments
We would like to thank Tabea Kamp, Leonie Hennissen, Anita Kaemingk, Bjo¨rn Zierul and
Silja Timm for their great help with preparing and running this study, as well as Jan Zimmer-
mann for providing advanced analysis tools for the MRI data analysis.
Author Contributions
Conceptualization: AZ BS RG JB.
Data curation: AZ.
Formal analysis: AZ.
Funding acquisition: RG JB.
Investigation: AZ BS.
Methodology: AZ BS DS CK RG JB.
Project administration: AZ.
Resources: DS CK RG JB.
Software: AZ RG.
Supervision: RG JB BS.
fMRI Neurofeedback Training for ADHD Adults
PLOS ONE | DOI:10.1371/journal.pone.0170795 January 26, 2017 19 / 23
Validation: AZ.
Visualization: AZ.
Writing – original draft: AZ.
Writing – review & editing: AZ BS DS CK RG JB.
References
1. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, Fourth Edi-
tion, Text Revision (DSM-IV-TR). Arlington, VA, USA: American Psychiatric Association; 2000.
2. American Psychiatric Association. Cautionary Statement for Forensic Use of DSM-5. Diagnostic and
Statistical Manual of Mental Disorders, 5th Edition. Washington, DC: American Psychiatric Publishing,
Inc; 2013.
3. Kessler RC, Adler L, Barkley R, Biederman J, Conners CK, Demler O, et al. The prevalence and corre-
lates of adult ADHD in the United States: results from the National Comorbidity Survey Replication. Am
J Psychiatry. 2006; 163(4):716–23. doi: 10.1176/appi.ajp.163.4.716 PMID: 16585449
4. Kooij JJS, Buitelaar JK, van den Oord EJ, Furer JW, Rijnders CAT, Hodiamont PPG. Internal and exter-
nal validity of attention-deficit hyperactivity disorder in a population-based sample of adults. Psychol
Med. 2005 Jun; 35(6):817–27. PMID: 15997602
5. Simon V, Czobor P, Ba´lint S, Me´sza´ros A, Bitter I. Prevalence and correlates of adult attention-deficit
hyperactivity disorder: meta-analysis. Br J Psychiatry. 2009; 194(3):204–11. doi: 10.1192/bjp.bp.107.
048827 PMID: 19252145
6. Faraone SV, Glatt SJ. A comparison of the efficacy of medications for adult attention-deficit/hyperactivity
disorder using meta-analysis of effect sizes. J Clin Psychiatry. 2010 Jun; 71(6):754–63. PMID: 20051220
7. Van de Loo-Neus GHH, Rommelse N, Buitelaar JK. To stop or not to stop? How long should medication
treatment of attention-deficit hyperactivity disorder be extended? European Neuropsychopharmacol-
ogy. 2011. p. 584–99.
8. Graham J, Banaschewski T, Buitelaar J, Coghill D, Danckaerts M, Dittmann RW, et al. European guide-
lines on managing adverse effects of medication for ADHD. Eur Child Adolesc Psychiatry. 2011; 20
(1):17–37. doi: 10.1007/s00787-010-0140-6 PMID: 21042924
9. Sonuga-Barke EJS, Brandeis D, Cortese S, Daley D, Ferrin M, Holtmann M, et al. Nonpharmacological
interventions for ADHD: systematic review and meta-analyses of randomized controlled trials of dietary
and psychological treatments. Am J Psychiatry. 2013; 170(3):275–89. doi: 10.1176/appi.ajp.2012.
12070991 PMID: 23360949
10. Vollebregt MA, van Dongen-Boomsma M, Buitelaar JK, Slaats-Willemse D. Does EEG-neurofeedback
improve neurocognitive functioning in children with attention-deficit/hyperactivity disorder? A systematic
review and a double-blind placebo-controlled study. J Child Psychol Psychiatry. 2013;
11. van Dongen-Boomsma M, Vollebregt MA, Slaats-Willemse D, Buitelaar JK. A randomized placebo-con-
trolled trial of electroencephalographic (EEG) neurofeedback in children with attention-deficit/hyperac-
tivity disorder. J Clin Psychiatry. 2013; 74(8):821–7. PMID: 24021501
12. Goebel R, Zilverstand A, Sorger B. Real-time fMRI-based brain-computer interfacing for neurofeedback
therapy and compensation of lost motor functions. Imaging Med. 2010; 2(4):407–15.
13. Weiskopf N. Real-time fMRI and its application to neurofeedback. Neuroimage. Elsevier Inc.; 2012 Aug
15; 62(2):682–92.
14. Bray S, Shimojo S, O’Doherty JP. Direct instrumental conditioning of neural activity using functional
magnetic resonance imaging-derived reward feedback. J Neurosci. 2007 Jul 11; 27(28):7498–507. doi:
10.1523/JNEUROSCI.2118-07.2007 PMID: 17626211
15. Rota G, Sitaram R, Veit R, Erb M, Weiskopf N, Dogil G, et al. Self-regulation of regional cortical activity
using real-time fMRI: the right inferior frontal gyrus and linguistic processing. [Internet]. Human brain
mapping. 2009. 1605–14 p. http://www.ncbi.nlm.nih.gov/pubmed/18661503
16. Goebel R, Zilverstand A, Sorger B. Real-time fMRI-based brain–computer interfacing for neurofeed-
back therapy and compensation of lost motor functions. Imaging Med. 2010; 2:407–15.
17. DeCharms RC, Maeda F, Glover GH, Ludlow D, Pauly JM, Soneji D, et al. Control over brain activation
and pain learned by using real-time functional MRI. Proc Natl Acad Sci U S A. 2005 Dec 20; 102
(51):18626–31. doi: 10.1073/pnas.0505210102 PMID: 16352728
18. Haller S, Birbaumer N, Veit R. Real-time fMRI feedback training may improve chronic tinnitus. Eur
Radiol. 2010 Mar; 20(3):696–703. doi: 10.1007/s00330-009-1595-z PMID: 19760238
fMRI Neurofeedback Training for ADHD Adults
PLOS ONE | DOI:10.1371/journal.pone.0170795 January 26, 2017 20 / 23
19. Linden DEJ, Habes I, Johnston SJ, Linden S, Tatineni R, Subramanian L, et al. Real-time self-regulation
of emotion networks in patients with depression. PLoS One. 2012 Jan; 7(6):e38115. doi: 10.1371/
journal.pone.0038115 PMID: 22675513
20. Subramanian L, Hindle JV, Johnston S, Roberts MV, Husain M, Goebel R, et al. Real-time functional
magnetic resonance imaging neurofeedback for treatment of Parkinson’s disease. J Neurosci. 2011
Nov 9; 31(45):16309–17. doi: 10.1523/JNEUROSCI.3498-11.2011 PMID: 22072682
21. Young KD, Zotev V, Phillips R, Misaki M, Yuan H, Drevets WC, et al. Real-time FMRI neurofeedback
training of amygdala activity in patients with major depressive disorder. PLoS One. 2014 Jan; 9(2):
e88785. doi: 10.1371/journal.pone.0088785 PMID: 24523939
22. Zilverstand A, Sorger B, Sarkheil P, Goebel R. fMRI neurofeedback facilitates anxiety regulation in
females with spider phobia. Front Behav Neurosci. 2015; 9(June):1–12.
23. Sitaram R, Veit R, Stevens B, Caria A, Gerloff C, Birbaumer N, et al. Acquired control of ventral premo-
tor cortex activity by feedback training: an exploratory real-time FMRI and TMS study. Neurorehabil
Neural Repair. 2012; 26(3):256–65. doi: 10.1177/1545968311418345 PMID: 21903976
24. Bush G. Cingulate, frontal, and parietal cortical dysfunction in attention-deficit/hyperactivity disorder.
Biol Psychiatry. Elsevier Inc.; 2011 Jun 15; 69(12):1160–7.
25. Bush G, Frazier JA, Rauch SL, Seidman LJ, Whalen PJ, Jenike M a, et al. Anterior cingulate cortex dys-
function in attention-deficit/hyperactivity disorder revealed by fMRI and the Counting Stroop. Biol Psy-
chiatry. 1999; 45(12):1542–52. PMID: 10376114
26. Bush G, Spencer TJ, Holmes J, Shin LM, Valera EM, Seidman LJ, et al. Functional magnetic resonance
imaging of methylphenidate and placebo in attention-deficit/hyperactivity disorder during the multi-
source interference task. Arch Gen Psychiatry. 2008; 65(1):102–14. doi: 10.1001/archgenpsychiatry.
2007.16 PMID: 18180434
27. Cubillo A, Halari R, Ecker C, Giampietro V, Taylor E, Rubia K. Reduced activation and inter-regional
functional connectivity of fronto-striatal networks in adults with childhood Attention-Deficit Hyperactivity
Disorder (ADHD) and persisting symptoms during tasks of motor inhibition and cognitive switching. J
Psychiatr Res. Elsevier Ltd; 2010; 44(10):629–39.
28. Dickstein SG, Bannon K, Castellanos FX, Milham MP. The neural correlates of attention deficit hyperac-
tivity disorder: an ALE meta-analysis. J Child Psychol Psychiatry. 2006; 47(10):1051–62. doi: 10.1111/j.
1469-7610.2006.01671.x PMID: 17073984
29. Schneider MF, Krick CM, Retz W, Hengesch G, Retz-Junginger P, Reith W, et al. Impairment of fronto-
striatal and parietal cerebral networks correlates with attention deficit hyperactivity disorder (ADHD)
psychopathology in adults—a functional magnetic resonance imaging (fMRI) study. Psychiatry Res.
Elsevier Ireland Ltd; 2010 Jul 30; 183(1):75–84.
30. Cotan. Wechsler Adult Intelligence Scale, Fourth Edition, Nederlandstalige Bewerking (WAIS-IV-NL).
4th ed. Amsterdam, The Netherlands: Pearson; 2012.
31. Wechsler D. Wechsler Adult Intelligence Scale, Fourth Edition (WAIS-IV). 4th ed. San Antonio, TX,
USA: Pearson; 2008.
32. Sattler. Assessment of children: Cognitive applications. 4th ed. San Diego, CA, USA: Jerome M. Sat-
tler Publishers, Inc; 2001.
33. Kooij JJS. (ADHD in adults. Introduction to diagnostic assessment and treatment, in Dutch). ADHD bij
volwassenen. Inleiding in diagnostiek en behandeling. 2nd ed. Lisse, The Netherlands: Swets & Zei-
tlinger; 2003.
34. Bron TI, Bijlenga D, Marije Boonstra A, Breuk M, Pardoen WFH, Beekman ATF, et al. OROS-methyl-
phenidate efficacy on specific executive functioning deficits in adults with ADHD: A randomized, pla-
cebo-controlled cross-over study. Eur Neuropsychopharmacol. 2014; 24(4):519–28. doi: 10.1016/j.
euroneuro.2014.01.007 PMID: 24508533
35. Van Veen MM, Kooij JJS, Boonstra AM, Gordijn MCM, Van Someren EJW. Delayed Circadian Rhythm
in Adults with Attention-Deficit/Hyperactivity Disorder and Chronic Sleep-Onset Insomnia. Biol Psychia-
try. 2010; 67(11):1091–6. doi: 10.1016/j.biopsych.2009.12.032 PMID: 20163790
36. DuPaul GJ, Power TJ, Anastopoulus AD, Reid R. ADHD Rating Scale-IV: Checklists, Norms, and Clini-
cal Interpretation. New York: The Guilford Press; 1998.
37. Murphy K, Barkley RA. Prevalence of DSM-IV symptoms of ADHD in adult licensed drivers: Implications
for clinical diagnosis. Journal of Attention Disorders. 1996. p. 147–61.
38. Borm GF, Hoogendoorn EH, den Heijer M, Zielhuis G a. Sequential balancing: a simple method for
treatment allocation in clinical trials. Contemp Clin Trials. 2005 Dec; 26(6):637–45. doi: 10.1016/j.cct.
2005.09.002 PMID: 16226925
39. Scott NW, McPherson GC, Ramsay CR, Campbell MK. The method of minimization for allocation to
clinical trials. a review. Control Clin Trials. 2002 Dec; 23(6):662–74. PMID: 12505244
fMRI Neurofeedback Training for ADHD Adults
PLOS ONE | DOI:10.1371/journal.pone.0170795 January 26, 2017 21 / 23
40. Rheinberg F, Vollmeyer R, Burns BD. QCM: A questionnaire to assess current motivation in learning sit-
uations. Diagnostica. 2001; 47(2):57–66.
41. Bush G, Shin LM. The Multi-Source Interference Task: an fMRI task that reliably activates the cingulo-
frontal-parietal cognitive/attention network. Nat Protoc. 2006; 1(1):308–13. doi: 10.1038/nprot.2006.48
PMID: 17406250
42. Bush G, Shin LM, Holmes J, Rosen BR, Vogt B a. The Multi-Source Interference Task: validation study
with fMRI in individual subjects. Mol Psychiatry. 2003; 8(1):60–70. doi: 10.1038/sj.mp.4001217 PMID:
12556909
43. Fehr T, Code C, Herrmann M. Common brain regions underlying different arithmetic operations as
revealed by conjunct fMRI-BOLD activation. Brain Res. 2007; 1172:93–102. doi: 10.1016/j.brainres.
2007.07.043 PMID: 17822681
44. Delazer M, Domahs F, Bartha L, Brenneis C, Lochy A, Trieb T, et al. Learning complex arithmetic—an
fMRI study. Cogn Brain Res. 2003; 18(1):76–88.
45. Talairach J, Tournoux P. Co-planar stereotaxic atlas of the human brain: 3-dimensional proportional
system: an approach to cerebral imaging. 1st ed. Neuropsychologia. New York: Thieme Medical Pub-
lishers; 1988.
46. Murphy K, Bodurka J, Bandettini PA. How long to scan? The relationship between fMRI temporal signal
to noise ratio and necessary scan duration. Neuroimage. 2007; 34(2):565–74. doi: 10.1016/j.
neuroimage.2006.09.032 PMID: 17126038
47. Forman SD, Cohen JD, Fitzgerald M, Eddy WF, Mintun M a, Noll DC. Improved assessment of signifi-
cant activation in functional magnetic resonance imaging (fMRI): use of a cluster-size threshold. Magn
Reson Med. 1995 May; 33(5):636–47. PMID: 7596267
48. Goebel R, Esposito F, Formisano E. Analysis of functional image analysis contest (FIAC) data with
brainvoyager QX: From single-subject to cortically aligned group general linear model analysis and self-
organizing group independent component analysis. Hum Brain Mapp. 2006; 27(5):392–401. doi: 10.
1002/hbm.20249 PMID: 16596654
49. Cohen J. Eta-Squared and Partial Eta-Squared in Fixed Factor Anova Designs. Educ Psychol Meas.
1973; 33(1):107–12.
50. Willcutt EG, Doyle AE, Nigg JT, Faraone S V, Pennington BF. Validity of the executive function theory
of attention-deficit/hyperactivity disorder: a meta-analytic review. Biol Psychiatry. 2005; 57(11):1336–
46. doi: 10.1016/j.biopsych.2005.02.006 PMID: 15950006
51. Nigg JT. Neuropsychologic theory and findings in attention-deficit/hyperactivity disorder: the state of the
field and salient challenges for the coming decade. Biol Psychiatry. 2005; 57(11):1424–35. doi: 10.
1016/j.biopsych.2004.11.011 PMID: 15950017
52. de Sonneville LMJ. Amsterdam Neuropsychological Tasks: a computer-aided assessment program. In:
Den Brinker BPLM, Beek PJ, Brand AN, Maarse SJ, Mulder LJM, editors. Computers in Psychology,
Vol 6: Cognitive Ergonomics, Clinical Assessment and Computer-Assisted Learning. Lisse, The Neth-
erlands: Swets & Zeitlinger; 1999. p. 187–203.
53. Marchetta NDJ, Hurks PPM, De Sonneville LMJ, Krabbendam L, Jolles J. Sustained and focused atten-
tion deficits in adult ADHD. J Atten Disord. 2008; 11(6):664–76. doi: 10.1177/1087054707305108
PMID: 17712171
54. Slaats-Willemse D, Swaab-Barneveld H, De Sonneville L, Buitelaar J. Familial clustering of executive
functioning in affected sibling pair families with ADHD. J Am Acad Child Adolesc Psychiatry. The Ameri-
can Academy of Child and Adolescent Psychiatry; 2005; 44(4):385–91.
55. de Sonneville LMJ. (Amsterdam Neuropsychological Tasks: Scientific and Clinical Applications, in
Dutch). Amsterdamse Neuropsychologische Taken: Wetenschappelijke en klinische toepassingen.
Tijdschr voor Neuropsychol. 2005;0:27–41.
56. Robertson IH, Manly T, Andrade J, Baddeley BT, Yiend J. “Oops!”: performance correlates of everyday
attentional failures in traumatic brain injured and normal subjects. Neuropsychologia. 1997 Jun; 35
(6):747–58. PMID: 9204482
57. Smilek D, Carriere JSA, Cheyne JA. Failures of sustained attention in life, lab, and brain: ecological
validity of the SART. Neuropsychologia. 2010; 48(9):2564–70. doi: 10.1016/j.neuropsychologia.2010.
05.002 PMID: 20452366
58. O’Connell RG, Bellgrove M a, Dockree PM, Lau A, Fitzgerald M, Robertson IH. Self-Alert Training: voli-
tional modulation of autonomic arousal improves sustained attention. Neuropsychologia. 2008; 46
(5):1379–90. doi: 10.1016/j.neuropsychologia.2007.12.018 PMID: 18249419
59. Hoogman M. DRD4 and working memory in ADHD patients and healthy subjecs: differential effects on
behavior and prefrontal cortex activity. Imaging the effects of ADHD risk genes. Nijmegen, The Nether-
lands: Donders Series; 2012. p. 97–116.
fMRI Neurofeedback Training for ADHD Adults
PLOS ONE | DOI:10.1371/journal.pone.0170795 January 26, 2017 22 / 23
60. Iverson GL. Interpreting change on the WAIS-III/WMS-III in clinical samples. Arch Clin Neuropsychol.
2001; 16(2):183–91. PMID: 14590186
61. Spencer TJ, Biederman J, Mick E. Attention-deficit/hyperactivity disorder: diagnosis, lifespan, comor-
bidities, and neurobiology. J Pediatr Psychol. 2007; 32(6):631–42. doi: 10.1093/jpepsy/jsm005 PMID:
17556405
62. Stoeckel LE, Garrison K a, Ghosh S, Wighton P, Hanlon C a, Gilman JM, et al. Optimizing real time
fMRI neurofeedback for therapeutic discovery and development. NeuroImage Clin. 2014 Jan; 5:245–
55. doi: 10.1016/j.nicl.2014.07.002 PMID: 25161891
63. Daum I, Rockstroh B, Birbaumer N, Elbert T, Canavan A, Lutzenberger W. Behavioural treatment of
slow cortical potentials in intractable epilepsy: neuropsychological predictors of outcome. J Neurol Neu-
rosurg Psychiatry. 1993 Jan; 56(1):94–7. PMID: 8429329
64. Holzapfel S. (Predictors of Selfregulation of Slow Cortical Potentials in Epilepsy, in German). Pra¨dikto-
ren der Selbstregulation der langsamen Hirnpotentiale bei Epilepsie. Tu¨bingen, Germany: Eberhards
Karls Universita¨t; 1998.
65. Stevens MC, Gaynor A, Bessette KL, Pearlson GD. A preliminary study of the effects of working mem-
ory training on brain function. Brain Imaging Behav. 2015;
66. Scheinost D, Stoica T, Saksa J, Papademetris X, Constable RT, Pittenger C, et al. Orbitofrontal cortex
neurofeedback produces lasting changes in contamination anxiety and resting-state connectivity.
Transl Psychiatry. Nature Publishing Group; 2013 Jan; 3(4):e250.
67. Sorger B, Kamp T, Weiskopf N, Peters JC, Goebel R. When the brain takes “BOLD” steps: real time-
fMRI neurofeedback can further enhance the ability to gradually self-regulate regional brain activation.
Neuroscience. (in press).
68. Johnson K a, Hartwell K, LeMatty T, Borckardt J, Morgan PS, Govindarajan K, et al. Intermittent “real-
time” fMRI feedback is superior to continuous presentation for a motor imagery task: a pilot study. J
Neuroimaging. 2012 Jan; 22(1):58–66. doi: 10.1111/j.1552-6569.2010.00529.x PMID: 20977537
69. Bush G, Luu P, Posner M. Cognitive and emotional influences in anterior cingulate cortex. Trends Cogn
Sci. 2000; 4(6):215–22. PMID: 10827444
70. Klingberg T, Fernell E, Olesen PJ, Johnson M, Gustafsson P, Dahlstro¨m K, et al. Computerized training
of working memory in children with ADHD—a randomized, controlled trial. J Am Acad Child Adolesc
Psychiatry. 2005; 44(2):177–86. doi: 10.1097/00004583-200502000-00010 PMID: 15689731
71. Green CT, Long DL, Green D, Iosif A-M, Dixon JF, Miller MR, et al. Will working memory training gener-
alize to improve off-task behavior in children with attention-deficit/hyperactivity disorder? Neurothera-
peutics. 2012; 9(3):639–48. doi: 10.1007/s13311-012-0124-y PMID: 22752960
fMRI Neurofeedback Training for ADHD Adults
PLOS ONE | DOI:10.1371/journal.pone.0170795 January 26, 2017 23 / 23
